An efficiency evaluation of China's regional sustainable innovation, evaluating industrial waste and total energy consumption, is the main research subject in this paper. It focuses on a regional measurement and comparison of these undesirable outputs of Chinese firm activities, such as industrial SO 2 and CO 2 emissions. By applying a data envelopment analysis-slack-based measure (DEA-SBM) model with undesirable outputs indicators, the regional innovation efficiency was evaluated for 30 provinces in China, from 2002 to 2014. The results indicate that the sustainable innovation efficiency of overall China is still relatively low, and varies significantly in different regions. Central and Western China have similar sustainable innovation efficiencies, which are much lower than the sustainable innovation efficiency in Eastern China. Furthermore, the data indicate that regional sustainable innovation efficiency disparities among these three areas are decreasing. Based on these findings, reasons for the sustainable innovation efficiency gap among the different regions were analyzed. To scholars, this paper extends the research on regional sustainable innovation efficiency by implementing an undesirable output perspective to the DEA-SBM model. The findings also provide Chinese policy makers with useful decision support insights for regional sustainable innovation, and energy conservation and emission reduction policies.
Introduction
A country's technological innovation activities always have obvious regional characteristics [1] [2] [3] [4] , and the efficiency of regional innovation can differ among regions [5] [6] [7] [8] . Technological innovation can be seen as a main driver of regional development and economic growth [9] , but at the same time can also bring sincere damage to the natural environment when it is unsustainable [10] . The evaluation of sustainable innovation efficiency, especially in China, with its large population of 1395 million inhabitants, and large industrial activity, counting up to a yearly gross domestic product (GDP) of 90,030.9 trillion Yuan (which equals 13.605 trillion dollars) in 2018 [11] , is an important topic. Insights coming from such evaluations can help to define policy and institutional actions to improve China's environmentally sustainable innovation and production. Such evaluations, especially on a regional level, are of great importance and are appropriate, since disparities in innovation performance between Chinese regions are reported to be increasing [12] . Starting from the concept of the national innovation system [13] , Cooke [14] proposed a regional innovation system approach in which regional innovation goals like sustainable development [13] . All components of the national network structure are more or less dependent upon the degree to which they participate in the network and are open for counterparts connected with, and affected by the flow of knowledge and new technological opportunities that circulate in the network. Many researchers have paid considerable attention to research on structure, characteristics, and mechanisms of the national innovation system [13, [28] [29] [30] [31] [32] . According to Cooke [14, 17, 33 ], the regional innovation system (RIS) is a local network structure, often situated in the larger structure of a national innovation system, also consisting of governmental bodies, research institutions, financial institutions, enterprises, and intermediaries, in which these entities are divided as well as associated with each other, generating and supporting innovation on a regional level. Regional cooperation in an RIS designed to promote innovation between organizations can be divided into several dimensions, involving highly specialized public research institutions, public universities, private companies, and government intervention [34] . Enterprises are the main body of technological innovation and the core of the regional innovation system. The central and local government aims to create a good environment for innovation activities, and regulates and guides innovation activities. Universities and research institutions promote the generation and dissemination of knowledge by participating in scientific research and technology development activities, and financial institutions provide funding sources and financial advice to reduce research and development (R&D) risks. A nation is often composed of several regions [35] . Regions often differ in culture, politics, economy, and innovative environment [33, [36] [37] [38] . Agglomerations of organizations in a business sector in a region tend to enhance knowledge creation and knowledge flow in and between these organizations, which promotes knowledge flow and innovation system development [39] . Regional innovation systems are significant components of a national innovation system, greatly affecting the quality and efficiency of the national innovation system [40] . The innovation system is usually defined as a set of organizations and the causal relationships that influence the generation, utilization, and performance of innovations in and between these organizations [41] . The concept of RIS has been widely used to illustrate the successful development of many innovative regions in developed and developing economies [42] . Establishing or strengthening an RIS has become a key policy goal for governments, with the aim of making their corporations and industries more globally competitive through various actions at the regional level [43] . By using the RIS infrastructure, firms interact with the RIS to enhance their absorptive capacity and innovation performance [44] . An RIS pays more attention to the geographic scope of the innovation processes than an NIS [45] . An RIS is an effective carrier of technological innovation on a regional level, and regional differences have led to different development trajectories. By focusing on RISs and enabling countries to take specific sustainable development measures in different regions, the solution to sustainable development issues can be fine-tuned to the specific circumstances of a region [46] [47] [48] . Due to the large national innovation system of China [31] , with significant inequalities in economic and technology development among Chinese regions [49] [50] [51] [52] [53] , it is appropriate to study China's innovation position by means of a focus on regional innovation systems, and by studying these systems to develop an insight into differences between regions [54, 55] . The effectiveness of R&D investment depends on the interaction between local producers and knowledge users [56] . Industry agglomerations affect the innovation outputs of China's RISs, indicating that the benefits of a local economy depend on the development of regional institutions [57] . Regional innovation performances vary greatly due to China's regional differences in R&D capabilities, government support, composition, and industrial environment [58] . This leads to Hypothesis 1 (see Table 1 ). Sustainable innovation efficiency is higher in eastern than in central and western China. 5
Sustainable innovation efficiency shows increasing regional disparities in China.
Based on the core concepts of innovation, energy conservation, and environmental protection, sustainable innovation combines sustainable development with innovation. In recent decades, researchers have devoted in-depth studies into connotation, index systems, ability appraisal, and theory models of sustainable innovation and the relationship between innovation and sustainability [59] [60] [61] . Technological innovation is critical to sustainable development, since it can improve resource utilization efficiency, reduce pollutant emissions, and overcome environmental constraints [46, 62] . Regional technological innovation can be an important force for regional sustainable development, and improving the level of regional technological innovation can be an effective way to improve regional sustainable development capabilities [63] . While innovation studies often refer to new product development, process and service innovation, and economic growth by means of these activities [64] , sustainable innovation expands this approach to social, institutional, ethical, and ecological dimensions [65] . Sustainable innovation research often stresses the minimization or complete absence of harmful environmental effects of the innovation process and/or this innovation process's outcomes, including, for example, the reduction of environmental waste and greenhouse gas emissions [27, [66] [67] [68] . Effective methods to achieve sustainable development also include controlling population growth and economic development, while strengthening technological innovation to reduce the impact on the environment. Goals of sustainable innovation can be to improve sustainable innovation efficiency by means of, for example, alleviating excessive dependence on virgin natural materials, destruction of landscape, and use of fossil-based forms of energy [21, [69] [70] [71] . Given the growing worldwide attention on environmentally sustainable innovation, it has become increasingly important to consider how to balance innovation in new product development, process and service innovation, and economic growth with environmentally sustainable innovation goals, like pollution mitigation and energy conservation [72] . Nowadays, with more and more concerns about industrial waste and global warming, decreasing undesirable outputs like greenhouse gas emissions and waste generation have to be taken into account in innovation efficiency evaluations in China [21, 73, 74] . Jinpeng Fu [75] , for example, measured the dynamic regional efficiency of China using undesirable outputs, including unemployment, waste water, and waste, and Li et al. [76] comprehensively evaluated the regional sustainable development of the Yangzte River Economic Belt in China, based on undesirable output indicators like pollution, disasters, and accidents. In this line of research, Chen et al. [77] assessed the regional sustainability of the Beijing-Tianjin-Hebei urban agglomeration in China, and found an improved economic sustainability, but also a reduced environmental sustainability. Furthermore, Shen et al. [78] and Chen et al. [79] found that strategies and measures have brought spatial imbalances in the development of most cities in China, which have severely hampered regional sustainable development. This leads to Hypothesis 2 (see Table 1 ).
Economic development relies on energy consumption and the environment [80, 81] . In the past 40 years, China has experienced a high economic growth [82] [83] [84] [85] , at the expense of natural resources and environmental quality [86] [87] [88] . In 2007, China became the largest contributor to CO 2 emissions in the world [89] . When looking at this more specifically, it can be argued that China's economic growth led to industrial pollution and CO 2 emissions that negatively impacted China's sustainable growth. Since China's further economic development remains a main important policy choice, the country also urgently needs a sustainable innovation component in its policy to neutralize undesirable outputs of economic innovation trajectories, and to contribute to an upgrade of the sustainable Sustainability 2020, 12, 31 5 of 21 innovation efficiency of Chinese regions [90, 91] . As the world's largest developing country and largest energy consumer and carbon emitter, China needs to put great effort into coping with global climate change. China's central government has stressed the importance of energy saving and greenhouse gas emission reduction policies, and showed an increasing determination to move on to seek sustainable development as well as to contribute to climate change goals that have been set internationally [92] . In recent years, the Chinese government has implemented policies on environmental regulations and energy consumption, and has achieved significant results. For example, in 2015, China planned to reduce CO 2 emissions per unit of GDP by 17% from the 2010 levels [93] . Chinese government declared to address global climate change and major pollutants in the 13th Five-Year Plan. In order to control carbon emissions and achieve emission reduction commitment, China established a nationally-unified carbon emissions trading market and improved related laws and regulations. This leads to Hypothesis 3 (see Table 1 ).
Regional Sustainable Innovation Efficiency Evaluation
The innovation process can be framed as the whole process of new product and service development, from the conception of an idea, to the development of a new product and/or service, to successful commercial market launch and sales. Innovation efficiency reflects the transformation performance of input into the innovation process, compared to the output of this innovation process [94] . Previous research found a strong correlation between innovation input and output, i.e., the higher the investment input, the higher the output that will be generated by the innovation process [94] [95] [96] [97] [98] . This does not mean that increasing the investment input will directly lead to an increased output, but that an increasing input often shows that output also increases. A regional sustainable innovation process can be framed as an innovation input-output process.
Researchers, both from China and other nations, have evaluated regional innovation efficiency at length, and the main studies are summarized here. Zabala-Iturriagagoitia et al. [99] evaluated the innovation efficiency in European countries and analyzed the relationship between technological level and system coordination. Li [12] applied this approach in China and found increasing disparities in overall innovation efficiency between Chinese regions through a stochastic frontier model. Chen and Guan [19] measured the efficiency of China's regional innovation system through a two-stage network DEA model and found that one-fifth of China's provinces could be classified as best-practice province, leaving the other four-fifths of provinces at the other side of the line. Han, Asmild, and Kunc [6] evaluated the R&D efficiency patterns of 15 Korean regions and classified the regions into deteriorating, lagging, and improving groups. Carayannis et al. [100] integrated an assessment and classification framework for national and regional innovation efficiency based on a set of 23 European countries and their 185 corresponding regions, and discovered large innovation efficiency differences. Wang et al. [9] explored the environmental components of regional innovation efficiency in China, including economic infrastructure, the quality and structure of innovators, and regional openness, and found a chain structure relationship between regional innovation environmental components and innovation efficiency. Broekel, Rogge, and Brenner [7] proposed a robust shared-input DEA model to compute regions' innovation efficiency, and found a considerable variance in regional innovation efficiencies among German regions. Li et al. [5] observed a considerable regional variation in innovation efficiency in China through DEA estimates, and found a positive effect of foreign direct investment on regional innovation efficiency. Chen et al. [27] measured the regional R&D and commercialization efficiencies for the high-tech industries in China through a network DEA method, and found that most of the Chinese regions had a low efficiency, while eastern China had a higher innovation efficiency than central and western China. Chen et al. [101] developed a dynamic analytical framework of regional R&D efficiency systems, considering the dynamic interdependence between regional R&D activities over different periods, and they ascertained that eastern China had a higher efficiency than other provinces. To date, the relationship between sustainable innovation and innovation efficiency has been vague [70] . Several researchers have paid attention to the performance and efficiency of sustainable innovation. Shin et al. [70] calculated the innovation efficiency of Korean companies, considering sustainability through a DEA method, and found that environmental improvement could negatively affect innovation efficiency. Wang et al. [21] studied the innovation efficiency of green performance in 29 sectors of China's manufacturing industry, and found a shift to green innovation in these sectors. They also found a great innovation disparity between eastern and western China, and that the gap tended to increase across regions. Based on the above previous research, Hypothesis 4 and Hypothesis 5 are raised (see Table 1 ).
Methodology and Methods
There are already many studies on innovation efficiency, yet studies that focus on sustainable innovation efficiency, integrating undesirable outputs into the analysis, are still scarce. We focused on an evaluation and analysis of China's regions' sustainable innovation efficiency, integrating the undesirable outputs, mainly industrial waste and total energy consumption, into our methodology and methods.
Data Envelopment Analysis
Efficiency evaluation methods mainly include parametric and nonparametric evaluation methods. As a representative of the collection of nonparametric methods, the data envelopment analysis (DEA) method can deal with multi-output analysis, and is a frequently used method in efficiency research on energy, environment, ecology, and technological innovation [102] [103] [104] . Within a set of comparable decision-making units (DMUs), DEA provides an ordinal ranking of relative efficiency, and identifies the best practices leading to the identification of an efficient frontier, which means more output cannot be obtained by increasing input. The DEA method was first introduced by Charnes et al. [105] , to measure the relative efficiency and productivity of DMUs by comparing multiple inputs and multiple outputs. The first DEA model, the CCR (Charnes, Cooper, and Rhodes) model, assumes that there are n DMUs, and each DMU has m inputs and s outputs. The input-oriented CCR model is expressed as follows: minθ
where θ denotes the efficiency of the DMU. When θ = 1, the DMU is called DEA efficient. Banker et al. [106] expanded the assumption under constant return to scale, and proposed the DEA model under the condition of variable return to scale which was called BCC (Banker, Charnes& Cooper) model.
DEA-SBM Model
All traditional DEA models are either input-oriented or output-oriented, without considering input and output slacks. In order to overcome the shortcomings of these existing models, Tone [107] proposed a non-radial and non-angle slack-based measure model, which solves the slack problems of inputs and outputs by directly putting the slack variables into the objective function. After that, Tone and Sahoo [108] extended the theoretical SBM model, and added the slacks to modify the constraint for undesirable outputs. It is argued that the DEA-SBM model is more in line with reality than the more traditional models, and is widely used in efficiency evaluations, particularly efficiency evaluations that integrate undesirable outputs [21, 109, 110] . 
where the vectors s -, s g , and s b refer to slack variables of input, desirable output, and undesirable output, respectively, and λ is the weight vector. For each DMU, it is efficient when θ*=1 and s -=s g =s b =0. When θ * <1, the DMU is inefficient, which means that there is room for improvement in the inputs and outputs.
Indicators Selection
There are 31 administrative regions of provinces, autonomous regions, and municipalities in mainland China. Tibet was excluded in our research for the lack of data available. Our data thus contained 30 regions, which were usually grouped into three areas according to the traditional division, that is, eastern, central, and western China, as shown in Table 2 . The eastern China area contains most of the coastal regions with a relatively developed economy, while the central area is China's traditional agricultural base. Western China area is usually seen as an underdeveloped area [111] . 
Inputs
As a core of the regional innovation system, R&D activities are often emphasized as the main source of new knowledge, new inventions, technological innovation, and improvement. It is broadly argued that knowledge development, capture, and spillover closely relate to the number of R&D employees [18] . For the input indicators, R&D labor and capital were selected according to previous research [112, 113] . Therefore, R&D personnel full-time equivalent, R&D expenditure, and new product development projects were used to serve as input indicators.
Desirable and Undesirable Outputs
In our research, output indicators were divided into desirable outputs and undesirable outputs. Invention applications and new product sales were used to represent the desirable outputs. We chose industrial SO 2 emissions [114, 115] and CO 2 emissions [116] [117] [118] to represent the undesirable outputs.
Data Sources
China has experienced rapid technological and economic growth since its acceptance to the World Trade Organization (WTO) in 2001. Therefore, we focused our research on the period 2002-2014. Data on R&D personnel full-time equivalents, R&D expenditures, new product development projects, invention applications, and new product sales were obtained from the China Statistical Yearbook. SO 2 emission data were obtained from China Statistical Yearbook on Environment. Data on regional CO 2 emissions were not available in existing data sources. They could be estimated by multiplying Sustainability 2020, 12, 31 8 of 21 the amount of energy consumption with their corresponding carbon emission coefficients, with the following equation [119] :
(3)
In this paper, three main types of fossil fuels were calculated: coal, oil, and natural gas. CE is the quantity of CO 2 emissions from these three types of fossil fuels, i denotes the indicator of different fossil fuel types, including coal, oil, and natural gas. E i is the total consumption of fossil fuel, F i is the carbon emission coefficient of fossil fuel i. Based on the research results of the Energy Research Institute, the coefficients of coal, oil, and natural gas were assumed to be 0.7329, 0.565, and 0.445, respectively [119, 120] . The molecular weight ratio of CO 2 (44) to carbon (12) was 44/12. Data on energy consumption were derived from the China Energy Statistical Yearbook. All currency data were converted into real currency (Yuan) at 2002 prices with Gross Domestic Product (GDP) deflators.
Technological innovations need time before being accepted and utilized in society, as frequently observed in various technology diffusion processes [102] . It is necessary to consider the existence of a time lag in the transformation procedure from R&D inputs to transform into outputs [121] [122] [123] . Yet, in the literature, no specific time lag length on innovation outputs has been generally accepted [101, 124] . However, there is also no significant difference in the time lag span in innovation evaluation research [122, 125, 126] . We chose to set the time lag as one year [27] , which means it takes one year from inputs to outputs.
Efficiency Evaluation of Regional Sustainable Innovation in China

Evaluation Results of Regional Sustainable Innovation Efficiency
The descriptive statistics for the data of all the input and output variables of China are shown in Table 3 . Using the SBM model with undesirable outputs, the regional sustainable innovation efficiency of 30 regions in mainland China from 2002 to 2014 was obtained, as shown in Table 4 . Large values reflect a high sustainable innovation efficiency. The value 1.0000 means that one province was at the efficient frontier that year. We can see from the table that efficiency values differed greatly between provinces and years. The average values of this table are plotted for all provinces in Figure 1 . From Table 4 and Figure 1 it can be seen that most provinces showed an increasing sustainable innovation efficiency through the years. In addition, the sustainable innovation efficiency among provinces differed significantly. There was only a small percentage of overall sustainably innovative efficient regions, which constituted the forefront of sustainable innovation efficiency in China. As China's economic and innovation center, the innovation efficiency of Shanghai and Guangdong was always 1, from 2002 up until 2014, which has a close connection with their front running position in technological innovation, relative to the other provinces. Hainan's innovation efficiency was also 1 through the whole period under study, as it attaches great importance to environmental protection and policy regulation [127] .
Inner Mongolia
Beijing and Tianjin showed values higher than 0.9 for the whole period, and they are more influenced by the government's environmental protection policy [128] and the Beijing-Tianjin-Hebei coordinated development strategy [129] . Zhejiang and Jiangsu showed higher values than 0.8 for the whole period of 2002-2014, with well-established social systems and developed economical institutions. Table 2 indicates that the provinces with the highest sustainable innovation efficiencies were all the provinces in eastern China. These provinces either have good environmental protection institutions available, or have access to more advanced technologies and state-of-the-art industrial production processes with a relatively low energy consumption.
A total of 19 provinces had a sustainable innovation efficiency value that ranged from 0.4 to 0.8-Jilin, Shandong, Qinghai, Hunan, Chongqing, Anhui, Fujian, Guangxi, Xinjiang, Sichuan, Guizhou, Hubei, Yunnan, Inner Mongolia, Ningxia, Henan, Liaoning, Gansu, and Jiangxi. Most of these provinces are in central and western China, and are subject to a process of increasing urbanization and industrialization. Moreover, these provinces have relatively underdeveloped economies, educational resources, and show lower levels of technological innovation. For example, Henan, Anhui, Hunan, and Hubei are all traditional agricultural provinces.
It is noteworthy that four provinces had the lowest efficiency, lower than 0.40, and were at the bottom of the ranking; these were Heilongjiang, Shaanxi, Shanxi, and Hebei. Heilongjiang is a typical oil-producing province and also an old industrial province in China, while Hebei is an iron-and steel-producing province. Both Shaanxi and Shanxi are China's major coal-producing provinces. All these four provinces are China's traditional resource-producing and fossil energy-consuming provinces, with natural energy resource-intensive industries; they do not have many universities and innovative companies. Relying on abundant local resources, they have adopted a heavy industry-oriented economic development mode, such as coal mining, and steel and cement production, which brings seriously lower environmental scores.
Regional Comparative Analysis
In order to analyze the regional innovation efficiency from the viewpoint of a larger scale, we further shed light on the east, west, and central areas of China. To further reflect the differences between these three areas, each area's sustainable innovation efficiency is shown in Table 5 and Figure 2 . companies. Relying on abundant local resources, they have adopted a heavy industry-oriented economic development mode, such as coal mining, and steel and cement production, which brings seriously lower environmental scores.
In order to analyze the regional innovation efficiency from the viewpoint of a larger scale, we further shed light on the east, west, and central areas of China. To further reflect the differences between these three areas, each area's sustainable innovation efficiency is shown in Table 5 and Figure 2 . We can see from Figure 2 that the sustainable innovation efficiency of China has essentially been rising since 2002, from a lower value 0.4347 in 2002 to the higher value 0.7844 in 2014, demonstrating China's constant efforts in innovation investment, environmental protection, energy conservation, and reduction of carbon emissions. However, the average sustainable innovation efficiency value of China from 2002 to 2014 was 0.6281, which means there is still much more potential.
The innovation efficiency in eastern China was always much higher than the central area and western area, with an average innovation efficiency value of 0.8093. Central and western areas had similar innovation efficiency scores in this period, with mean values of 0.5176 and 0.5294, respectively, while showing slow growth trends. Compared with the sustainable innovation efficiency score of the country as a whole, eastern China scored much higher than the national level; the central area and western areas showed considerably lower scores compared to the national level. We can clearly see that eastern area is the main force of promoting technological innovation development in China. The central and western areas lag behind in technological innovation. The results thus indicate that the economically developed eastern area has a higher sustainable innovation efficiency, while the less developed central and western areas achieve a lower sustainable innovation efficiency.
To clearly manifest the regional disparities, we further drew the figure of regional sustainable innovation efficiency gaps. The regional efficiency gap was obtained by subtracting the efficiency values of the two regions. For example, the efficiency gap of "eastern-central" was derived from the efficiency value of the eastern area minus the efficiency value of the central area. Seen from Figure 3 , the sustainable innovation efficiency gaps of "eastern-central" and "eastern-western" showed similar decreasing trends, from 0.6 to 0.1. There were large efficiency gaps in 2002 between eastern and backward regions, but by the year 2014, these gaps reduced considerably. The sustainable innovation efficiency gap between central and western areas changed subtly, always in the narrow range of 0.1 to −0.1. The results show that the efficiency of sustainable innovation in central and western China is increasing, and the regional disparities between east China on the one hand and central and west China on the other are decreasing.
China from 2002 to 2014 was 0.6281, which means there is still much more potential.
To clearly manifest the regional disparities, we further drew the figure of regional sustainable innovation efficiency gaps. The regional efficiency gap was obtained by subtracting the efficiency values of the two regions. For example, the efficiency gap of "eastern-central" was derived from the efficiency value of the eastern area minus the efficiency value of the central area. Seen from Figure 3 , the sustainable innovation efficiency gaps of "eastern-central" and "eastern-western" showed similar decreasing trends, from 0.6 to 0.1. There were large efficiency gaps in 2002 between eastern and backward regions, but by the year 2014, these gaps reduced considerably. The sustainable innovation efficiency gap between central and western areas changed subtly, always in the narrow range of 0.1 to −0.1. The results show that the efficiency of sustainable innovation in central and western China is increasing, and the regional disparities between east China on the one hand and central and west China on the other are decreasing. 
Comparative Analysis with BCC Model Results
We also made innovation efficiency comparisons with and without undesirable outputs. The average innovation efficiency without undesirable outputs was calculated by using the traditional DEA method (BCC model). Through the BCC model, we could only estimate innovation efficiency without undesirable outputs. The results are quite similar to the above results calculated by the SBM 
We also made innovation efficiency comparisons with and without undesirable outputs. The average innovation efficiency without undesirable outputs was calculated by using the traditional DEA method (BCC model). Through the BCC model, we could only estimate innovation efficiency without undesirable outputs. The results are quite similar to the above results calculated by the SBM model. The innovation efficiency value of the whole country was 0.43. The eastern area had the highest efficiency value among the three areas-0.79. The central and western areas had the same efficiency value of 0.33, which was significantly lower than the national level. Figure 4 shows the average innovation efficiency of the three areas from 2002 to 2014, with and without considering undesirable outputs. When undesirable outputs were taken into consideration, innovation efficiency dropped significantly compared with the SBM model, with reductions of 22%, 38%, and 34%, respectively, in eastern, central, and western China. The innovation efficiency value of the whole country decreased by 28%, from 0.60 to 0.43. However, there were still regional disparities among the three areas, although there was no significant change compared to the results calculated by the SBM model. dropped significantly compared with the SBM model, with reductions of 22%, 38%, and 34%, respectively, in eastern, central, and western China. The innovation efficiency value of the whole country decreased by 28%, from 0.60 to 0.43. However, there were still regional disparities among the three areas, although there was no significant change compared to the results calculated by the SBM model. 
Discussion
Hypotheses
Based on the literature, five hypotheses on regional sustainable innovation efficiency were posited (see Table 1 ). We tested our hypotheses by applying a DEA-SBM model. According to our empirical results, sustainable innovation efficiency differs greatly among the 30 Chinese regions, varying from 0.3 to 1. Our model showed that only a few provinces in eastern China are sustainably innovation efficient, while most provinces in central and western China have a medium, to low, to very low sustainable innovation efficiency. This is in line with previous research [19, 21, 27, 101] . Eastern China always showed a higher innovation efficiency than central and western areas. We found that provinces with a higher economic development, advanced technologies, and good environmental protection usually had a higher innovation efficiency, which was consistent with most previous research, both in China and abroad [5, 8] . All these findings confirm the predictions of Hypothesis 1 and 4. The sustainable innovation efficiency of the country as a whole showed a rising trend during the years 2002-2014. Hypothesis 3 was modestly confirmed. The results revealed that innovation efficiency dropped considerably when undesirable outputs were considered. Hypothesis 2 was strongly supported. Previous research evaluated regional innovation efficiency with traditional methods, and without taking undesirable outcomes into account, and because of this always got high innovation efficiency values [7, 122, 130, 131] . Our results show that integrating undesirable outcomes into the equation brings a more nuanced picture; a picture of sustainable innovation efficiency instead of innovation efficiency. The sustainable innovation efficiency disparities among the three areas were still significant. Moreover, it showed slightly decreasing trends, which lead to the rejection of Hypothesis 5. 
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Based on the literature, five hypotheses on regional sustainable innovation efficiency were posited (see Table 1 ). We tested our hypotheses by applying a DEA-SBM model. According to our empirical results, sustainable innovation efficiency differs greatly among the 30 Chinese regions, varying from 0.3 to 1. Our model showed that only a few provinces in eastern China are sustainably innovation efficient, while most provinces in central and western China have a medium, to low, to very low sustainable innovation efficiency. This is in line with previous research [19, 21, 27, 101] . Eastern China always showed a higher innovation efficiency than central and western areas. We found that provinces with a higher economic development, advanced technologies, and good environmental protection usually had a higher innovation efficiency, which was consistent with most previous research, both in China and abroad [5, 8] . All these findings confirm the predictions of Hypothesis 1 and 4. The sustainable innovation efficiency of the country as a whole showed a rising trend during the years 2002-2014. Hypothesis 3 was modestly confirmed. The results revealed that innovation efficiency dropped considerably when undesirable outputs were considered. Hypothesis 2 was strongly supported. Previous research evaluated regional innovation efficiency with traditional methods, and without taking undesirable outcomes into account, and because of this always got high innovation efficiency values [7, 122, 130, 131] . Our results show that integrating undesirable outcomes into the equation brings a more nuanced picture; a picture of sustainable innovation efficiency instead of innovation efficiency. The sustainable innovation efficiency disparities among the three areas were still significant. Moreover, it showed slightly decreasing trends, which lead to the rejection of Hypothesis 5.
Contribution to Theory
To complement previous research, this study provides insight into sustainable innovation efficiency, and a DEA-SBM model was presented to study sustainable innovation efficiency in 30 provinces in China. This research's contribution to regional innovation theory is that it confirms that the concept of the regional innovation system is useful to study differences in parts of a national innovation system, as well as to aggregate the outcomes of different regional innovation systems to the level of the national innovation system [33] . The outcomes showed that the regional innovation system affects the quality and efficiency of the national innovation system greatly [40] . Regional innovation systems are, on the one hand, independently functioning, but on the other hand, they are associated with each other, together forming a bigger entity (cf. [14] ). This research also specifies the uniqueness of and differences between regional innovation systems [36] . It confirmed that areas with higher industry agglomerations have a relatively high sustainable innovation performance [39] .
This research supplements research that concentrates on the relationship between innovation inputs and desirable outputs [95] , by means of taking into account the undesirable outputs too. Higher innovation inputs often lead to higher desirable outputs, but when undesirable outputs are integrated into the equation, regional sustainable innovation efficiency is considerably lower for a region compared to its more general innovation efficiency score [65] .
Another contribution is that this study applied the DEA-SBM model in innovation efficiency research. All the previous research on innovation efficiency either used stochastic frontier analysis or traditional DEA methods [122, 131] , but none have used the DEA-SBM model. The DEA-SBM model can deal with undesirable outputs effectively.
Implications for Practice
This research compared the efficiency of eastern, central, and western China, and analyzed regional sustainable innovation efficiency at the macro level. China has a large national innovation system [31] , which can be grouped into three areas. Seen from the input and output indicators, there are significant performance inequalities [50] . Due to the differences in regional sustainable innovation efficiency across the whole country, the Chinese central government should attach great importance to regional disparities. On the other hand, China is an enormous big country with different regional social-economic developmental levels. Policy makers in each province could formulate provincial policies in light of the specific features and characteristics of their province. There is huge potential to be tapped. In combination with the Western Development Strategy and the "One Belt, One Road" construction, it will inject vitality into the economic development of the central and western regions, providing financial and technical support to promote innovation efficiency. In addition, regional coordinated development could be accelerated to narrow cross-regional differences.
Limitations
This research had several limitations. This paper just analyzed the influencing factors of sustainable innovation efficiency from a quantitative perspective. This may lead to one-sided analytical results. The DEA method cannot measure the influence of random errors on efficiency, such as environmental factors, while it attributes the uncontrollable factors and statistical errors to inefficiency. This will affect the estimation results to a certain extent, resulting in relatively low efficiency values. Sustainability consists of economic, societal, and environmental aspects. The efficiency calculated by the SBM model is between 0 and 1. If the DMU efficiency values are all of the same efficient value, 1, the relative efficiency cannot be further compared. The SBM model has the same limitation as the traditional DEA models.
This research lacked broader sustainability considerations covering economic and social indicators, since energy consumption and environmental pollutions are the central issues in this study. Many other indicators can also represent sustainable innovation performance. We used limited input as well as output indicators. Due to the data availability and the reason that the number of DMUs should be more than three times the number of indicators in the DEA method, we could just choose three input indicators and four output indicators.
Further Research
China's sustainable innovation efficiency is still relatively low. Both internal and external environmental factors lead to this inefficiency. More specifically, regional environment, industrial policy, ownership, corporate governance, firm size, and financing restrictions can affect innovation efficiency to some extent [26, 132, 133] . This research was the first attempt to stress the undesirable outputs in regional innovation efficiency, and by doing this, calculated regional sustainable innovation efficiency. Future research could pay special attention to the relationship of spatial spillover effects and industrial agglomeration effects and sustainable innovation efficiency.
Our findings showed significant differences of regional sustainable innovation efficiency on the province level due to the specific features of each province. Every province in China is composed of many prefecture-level cities with different developments. For example, there is a huge gap in economic development and technological innovation between southern and northern cities in the Jiangsu province. Future research could further this research approach to the city level to better explain the differences in sustainable innovation efficiency within regions and in technological innovation. Meanwhile, China has many well-developed economic areas, such as the Yangtze River Delta, the Pearl River Delta, and the Beijing-Tianjin-Hebei areas. It could be meaningful to also focus future research on these urban clusters, since the Chinese government is vigorously promoting the development of these urban clusters. Our research stressed the regional innovation efficiency with undesirable outputs. China has many industrial sectors where technological development, energy consumption, and environmental pollution vary widely among the sectors. It could also be worthwhile to extend this research to these sectors of Chinese industry, such as the power sector, the pharmaceutical sector, and construction sectors.
Conclusions and Implications
In conclusion, this research evaluated and compared the status and trends of regional sustainable innovation efficiency in 30 regions in China, from 2002 to 2014, based on the application of a DEA-SBM model. Evaluation results demonstrate that the sustainable innovation efficiency of China on a national level increased in this period, from 0.4347 in 2002 to 0.7844 in 2014, while the sustainable innovation efficiency differs widely across subnational regions. Most of the eastern provinces showed relatively high sustainably efficiencies, while many provinces in central and western China showed medium, to low, to very low sustainable innovation efficiency scores, indicating that sustainable technological innovation in the central and western areas are much lower than the eastern area. The eastern region remains the leader in China's technological innovation. However, regional disparities between the three areas have decreased to lower levels in recent years. Chinese regions show higher innovation efficiency scores when undesirable outputs are not taken into account, and show significantly lower innovation efficiency scores when undesirable outputs are taken into account. From the viewpoint of environmental sustainability it is worth paying more attention to the issues of undesirable outputs.
The central government of China could attach greater importance to the improvement of sustainable innovation efficiency in its regions, especially the central and western regions. Improved governance of sustainability could drive and support the improvement of sustainable innovation efficiency. The ongoing call for more sustainably functioning Chinese corporations and industries initiates more consideration for how to rationally use scientific and technological resources to increase desirable outputs, while at the same time reduce undesirable outputs. In addition, China's central government's investment policy can benefit from not just focusing on the eastern area, but also on the central and western areas. Increasing scientific and technological investments in the central and western areas may greatly contribute to China's increase in sustainable innovation efficiency.
